Introduction
The Wnt signaling pathway is crucial in cell differentiation and proliferation of embryonic and adult tissues, and its disruption leads to human tumors including colorectal cancer (Nelson and Nusse, 2004) . Signaling is initiated by secreted Wnt glycoproteins, which bind to seven transmembrane Frizzled receptors and the low-density receptor-related lipoproteins at the cell surface. Downstream events include positive and negative regulation of b-catenin levels by two DIX domain-containing proteins, Dishevelled (Dvl) and Axin, respectively. In unstimulated cells, β-catenin is targeted for destruction in the ubiquitin-proteosome pathway by a protein complex that includes the Axin protein, a putative tumor suppressor (Satoh et al., 2000) . Under specific Wnt stimulation, Dvl binds to Axin and disassembles the β-catenin destruction complex. Thus, Dvl boosts the intracellular levels of β-catenin, which translocates to the nucleus where it binds to transcription factors leading to changes in gene expression.
The DIX domain is a 85-residue conserved module found in a family of seven human signaling proteins. Dvl and Axin represent the two major subtypes of DIX domain-containing proteins, and their homo and hetero oligomerization is mediated by their DIX domains (Kishida et al., 1999) . A third subtype of a DIX-related protein, the coiled-coil-DIX1, has been recently shown to positively regulate Wnt signaling by hetero oligomerization with Dvl and Axin (Shiomi et al., 2003) . The DIX domain interacts with actin stress fibers and vesicular membranes, partitioning Dvl between these two pools and segregating the proteins to distinct pathways (Capelluto et al., 2002) . In addition to the N-terminal DIX domain, the three mammalian Dvl proteins (Dvl1, Dvl2, and Dvl3) contain DEP and PDZ domains in their sequences of approximately 700 residues, and these modules are generally thought to mediate membrane and protein interactions, respectively (Wharton, 2003) . The involvement of Dvl in the Wnt pathway requires the integrity of its DIX and PDZ domains while its DEP domain may coordinate planar cell polarity through the Jun N-terminal kinase cascade (Wharton, 2003) .
In order to obtain further insights into structure-function relationships of Dvl, we carried out NMR studies of its conserved DIX domain. Here we report the NMR characterization of the homodimeric DIX domain of the Dishevelled 2 (Dvl2) protein.
Materials and Methods
The DIX domain of human Dvl2 (residues 10-94) was overexpressed *To whom correspondence should be addressed. (Capelluto et al., 2002) .
NMR samples contained 0. (Grzesiek et al., 1993; Kay et al., 1993; Muhandiram and Kay, 1994) (Fig. 1 N resonances were assigned using 3D 15 N-edited NOESY and 3D CBCA(CO)NNH spectra. The secondary structure elements were identified from J HNHα coupling constants derived from HNHA (Vuister and Bax, 1993) and HMQC-J spectra, medium and sequential NOEs patterns, and
C β , and 13 CO chemical shifts (Wishart and Sykes, 1994) . Titrations of G-actin (Cytoskeleton) into the 15 N-labeled DIX domain were analyzed by HSQC experiments. Spectra were processed with NMRPipe (Delaglio et al., 1995) and analyzed using PIPP (Garrett et al., 1991) , nmrDraw and in-house software programs (http://biomol.uchsc.edu). N-edited NOESY and coupling constants estimated from the HNHA experiment indicated the presence of two α-helices (residues Ala35-Gln48 and Ala51-Tyr55), as well as helical and extended elements (Asn82-Leu89 and Val29-Ile31, respectively) (Fig. 3) .
Results and Discussion
The ability of the DIX domain to interact with membranes was studied using DPC micelles. A number of structural determinations of membrane proteins bound to micelles have indicated that valuable structural information can be obtained from NMR studies of such systems (Henry and Sykes, 1994) . The DIX domain mediates Dvl2 localization to vesicular membranes, where activates canonical Wnt signaling by stabilization of β-catenin (Capelluto et al., 2002) . HSQC spectra of the DIX domain were collected during stepwise of DPC micelle addition. Several chemical shifts changes in the backbone amides of DIX were detected and plotted as a histogram (Fig. 4A) . The data indicates that a short stretch between the last two helical elements in the Dvl2 DIX domain is a putative membrane recognition motif.
The DIX domain has also been shown to bind to actin stress fibers, where it may activate non-canonical Wnt signaling (Capelluto et al., 2002) . Thus, we mapped the DIX domain actin-binding site using a similar approach as described for DPC binding. The residues interacting with the actin are evident from the chemical shift perturbations (Fig. 4B ). This actin-binding site is localized between the second helix and the DPC binding site, as identified by chemical shift changes induced by stepwise addition of G-actin (Fig. 4B) . The actin binding motif of DIX is similar to those described for MARCKS and actobindin proteins (Maciver, 1995) . As shown in Fig. 4C , the amino acid sequence alignment of DIX domain-containing proteins indicates that both DPC and actininteracting residues are predominantly conserved among the DIX proteins. This suggests that the actin and micelle interactions may be extended to other members of the family , where δ is chemical shift in parts per million (ppm). Labeled residues exhibit changes that exceed the red line, which represents 50% of the largest change. (C) The amino acid sequences of the DIX domains from human Dvl homologs, KIAA1735, Conductin and Axin and zebrafish Ccd1 are aligned. Identical, highly conserved and similar residues are shown in red, black and blue, respectively. The Dvl2 residues that are involved in actin and DPC micelle binding are shown with unfilled and filled dots, respectively. of DIX domain-containing proteins. Thus, the information provided here provides a structural basis for understanding the ligand interactions and molecular function of the DIX domain.
